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Intr oduction
Over the years, perylenediimide-based (PDI) chromophoric systems have been the subject of immense research efforts thanks to their unique combination of chemical, photochemical, and photophysical properties. [1] [2] [3] [4] [5] [6] Multichromophoric systems incorporating a broad spectrum of PDI molecules proved to be excellent models for exploring fundamental and applied aspects of diverse photonic, electronic, and photovoltaic materials. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In addition, various carefully designed PDI-based molecular compositions have been utilized as probes of photoinduced ultrafast processes (e.g., those 3 occurring in natural photosynthetic systems), thus leading to a better understanding of underlying quantum coherence, excitation energy flow and excitonic coupling effects. [17] [18] [19] [20] [21] [22] [23] [24] [25] Similarly, molecular PDI acceptor chromophores have been exploited in numerous upconversion photochemistry compositions. 10, 12, 26 The synthetic accessibility of PDI functionalization chemistry (either at the imide position or in the bay region) allows one to construct multichromophoric assemblies with a desired set of functional properties. 8, [27] [28] [29] The goal of the present work is to utilize the highly emissive PDI chromophores with extended π-conjugation in the bay region as building blocks to construct three-dimensional, electronically coupled molecular systems (tetrameric "antennas") that would exhibit relatively strong intramolecular electronic interactions and desirable photophysics as a result of being held together by a tetrahedral rigid core. In this particular case, the extent of intramolecular electronic coupling can be manipulated by varying the size of the rigid core: methane vs. adamantane. In addition, as prototype photochemically robust antenna chromophores and potentially viable alternatives to fullerenes, these PDI tetramers may be of particular interest for photovoltaic applications as well as in photochemical upconversion. 7, [30] [31] [32] Noteworthy, the rigid cores of this nature have been extensively explored in a variety of visible light sensitizers (both pure organic and transition metal-based) designed for the covalent surface functionalization of wide bandgap semiconductor nanomaterials (e.g., TiO 2 , ZnO). [33] [34] [35] [36] [37] PDI-based molecular systems are also well known to display solvent-dependent aggregation behavior, thus making them perfect candidates for probing various energy and electron transfer pathways in both aggregated and non-aggregated forms. [38] [39] [40] [41] [42] However, we note that any detailed discussion of the associated excited state photochemistry of synthesized PDI tetramers is well beyond the scope of the present work and will be the subject of a separate in-depth contribution. To date, there is only a handful of (photophysical) studies on PDI-containing tetrahedral assemblies and, in most cases, these PDI architectures have been synthesized utilizing a relatively straightforward imide condensation chemistry between the amine-functionalized rigid core(s) and the corresponding perylene dianhydride(s). 1, 41, 43 Moreover, the successful examples of tetrameric structures incorporating the bay-4 substituted PDIs have been quite scarce in the literature and the few available reports are mainly based on studying the properties of phenyl-PDI-containing structures. 44, 45 In our case, it is expected that the incorporation of phenylethynyl-perylenediimides (PDICCPh) bearing extended π-conjugation into tetrahedral rigid core structures would result in the substantial enhancement of their corresponding lightharvesting properties in a broader spectral window and thus may be advantageous in various photonic applications as compared to other related PDI-based oligomeric structures.
In this manuscript, we report the synthesis, NMR structural characterization and photophysical properties of two representative methane-and adamantane-centered tetramers bearing bay-substituted π- Figure 1 . To the best of our knowledge, this work represents the first example when the bay-substituted phenylethynyl-perylenediimides (PDICCPh) have been successfully incorporated into the large rigid core tetrameric frameworks. We also note that the adequate interpretation of the associated NMR structural characterization data of these large PDI assemblies can be quite challenging due to the The tetrahedral methane-centered core with 4 π-conjugated phenylethynyl (CCPh) arms (M4) was constructed starting from commercially available tetraphenylmethane (M1). 54 The below described approach is advantageous over other possible synthetic strategies as it allows one to avoid using perylenediimide-acetylene (PDICCH) in final Sonogashira cross-coupling reaction steps and thus circumvents any possible formation of undesirable PDI homodimeric products via Glazer-type coupling. 55 In the first step, tetraphenylmethane (M1) was conveniently brominated with elemental Br 2 under ambient conditions to yield tetrakis(4-bromophenyl)methane (M2) in 80%. In the next step, M2 was Sonogashira cross-coupled in a facile fashion with trimethylsilylacetylene (TMSA) using a standard reaction protocol to obtain tetrakis(4-trimethylsilylethynylphenyl)methane (M3) in 82% yield. M3 was then deprotected with aqueous K 2 CO 3 ; however, the removal of TMS group did not proceed very cleanly and typical product yields of tetrakis(4-ethynylphenyl)methane (M4) were around 50%. At this point, any other alternative deprotection strategies, such as treating with TBAF, have not been explored.
In the final step, tetrakis(4-ethynylphenyl)methane core (M4) was Sonogashira cross-coupled with slight excess of PDIBr (4.4 eq.) to ensure the complete conversion into the tetrasubstituted target PDI tetramer 1. Afterwards, 1 was carefully purified via several rounds of recrystallization (liquid diffusion)
from MeOH/DCM = 3/1 and isolated in 64% yield (25% overall) as a dark red solid. We note that purification of PDI tetramers by column chromatography (silica gel) can be challenging as we previously experienced uncontrollable product degradation with other related PDI-based oligomeric compounds. 
PDI tetramer 2.
The synthetic route towards PDI tetramer 2 is presented in Scheme 2.
Similar to PDI tetramer 1, we started from constructing the tetrahedral adamantane-centered core bearing 4 π-conjugated phenylethynyl (CCPh) arms (A5). In the first step, 1,3,5,7-tetraphenyladamantane (A2) was obtained as an insoluble white solid in 95% yield from commercially available 1-bromoadamantane (A1) following the procedure developed by Reichert and Mathias. 56 In the next step, A2 was converted into 1,3,5,7-tetrakis(4-iodophenyl)adamantane (A3) via treatment with elemental I 2 and [bis(trifluoroacetoxy)iodo]benzene (BFIB) in chloroform. 56 Due to the intrinsically heterogeneous nature of this reaction, in our hands the yields of A3 never exceeded 35% and usually required extended reaction times and moderate heating (4 days, 40 0 C). Apparently, this reaction step appears to be limiting in terms of overall yield of PDI tetramer 2. Alternatively, we thought of overcoming this issue by synthesizing 1,3,5,7-tetrakis(4-bromophenyl)adamantane; however, all our attempts (reactions with either elemental Br 2 or Fe powder/Br 2 ) always produced complex, difficult to separate mixtures of products. 57 In the next step, 1,3,5,7-tetrakis(4-iodophenyl)adamantane (A3) was Sonogashira cross-coupled with trimethylsilylacetylene (TMSA) to obtain 1,3,5,7-tetrakis(4-trimethylsilylethynylphenyl)adamantane (A4) in 80% yield. Subsequently, A4 was deprotected with aqueous K 2 CO 3 . As discussed in the previous section, the deprotection of TMS group typically 8 produced the yields of 1,3,5,7-tetrakis(4-ethynylphenyl)adamantane (A5) around 50%. In the final step, PDIBr , PDI tetramers 1 and 2, and PDI monomer 3 are displayed in Figure 2 . The corresponding atomlabeling scheme is presented in Figure 3 . The assignment of 1 H chemical shifts was based on the comprehensive analysis of structurally related and previously reported acetylene-bridged PDI dimers. Table 1 ).
Figur e 3. Atom-labeling scheme used for the chemical shift assignment in 1 H NMR spectra of PDI tetramers 1 and 2, and monomer 3. PDI monomer 3 is shown as a representative example.
The aliphatic 1-hexylheptyl group remains pseudo-symmetric even when the perylene core symmetry and can be conveniently used as integration reference points. Based on our previous studies of structurally relevant acetylene-bridged PDI dimers using multidimensional NMR spectroscopy (e.g., example, the temperature-dependent behavior of PDI tetramer 2 will be discussed here.
As clearly evident from the temperature-induced changes in the aromatic regions (especially for protons P2 and P12), both PDI tetramers (1 and 2) and monomer 3 exist in a dynamic equilibrium arising primarily from the conformational dynamics of the perylene core ( Figure 4 and Supplementary Data). 29, 58, 59 On the other hand, the 1 H signals in the aliphatic regions (H1-H7) were found to undergo very minor temperature-induced changes and, consequently, any possible rotational conformers could not be sufficiently resolved under the employed experimental conditions. The P2 proton (δ 8.96-8.87) is structurally unique as it is the only uncoupled aromatic proton within the perylene core and therefore can best serve as a probe of the dynamic behavior of 2. Based on the obtained VT NMR data, the dynamic behavior of all synthesized PDI molecules (1, 2 and 3) can be rationally described by a two-state conformational equilibrium model with nearly equal population distributions. 60 At temperatures below RT (253-283 K), P2 proton appears as a set of 2 singlets of nearly equal intensity with a peak separation of ~17.5 Hz. This represents a textbook example of a dynamic spin system that exists in the slow exchange regime and two different conformers are clearly resolved.
The coalescence point emerges near RT (295 K) and the P2 peak separation is no longer resolved, thus indicating a crossover into the fast exchange regime. Above this point (>300 K), the system shifts 12 completely into the fast exchange mode and the PDI conformational dynamics becomes too fast to be resolved into two separate components. Consequently, the P2 proton gradually becomes a well-defined ensemble-average singlet in complete accordance with its structural placement.
Figur e 4. Temperature-dependent 1 H NMR spectra of PDI tetramer 2 (400 MHz, CDCl 3 ) measured in 253-328 K range. For clarity, only the regions of interest are displayed.
The residual exchange-induced line broadening of P2 proton can be conveniently used to estimate the rate constants (k ex ) and the activation barrier ( ∆ G ≠ ) for the observed conformational exchange ( Figure   5 ). The estimated activation energy for both PDI tetramers (1 and 2) and monomer 3 was found to be within 15-17 kcal/mol ( "good" solvents for PDI-based systems as they usually tend to prevent these chromophores from aggregating. On a separate note, it is quite interesting that the observed perylene-centered conformational exchange phenomenon seems to be amplified when PDI-based chromophoric assemblies incorporate long 1-hexylheptyl solubilizing groups whereas no spectral broadening (at RT) was observed with shorter (e.g., 1-ethylpropyl) substituents (data not shown). However, the exact origin of this effect is not yet well understood.
Figur e 5. Arrhenius analysis of conformational exchange (dynamic NMR) in PDI tetramers 1 and 2, and monomer 3. for PDI (Table 2) . 1, 50 Compared to monomer 3, the absorption spectra of PDI tetramers 1 and 2 are only marginally red-shifted (~2 nm) and somewhat broadened on the lower energy side (see Supplementary
Data Figure S18 ). However, integration of the data presented in Figure 6 (left) between 300-600 nm indicates a non-linear enhancement (larger than a factor of 4) of electronic transitions in PDI tetramers 1 and 2, as compared to monomer 3 ( Table 2) . Both lower energy, PDI-centered and higher energy, phenylethynyl-centered π-π* transitions contribute to the enhancement of light-harvesting properties in the newly synthesized PDI tetramers. Based on our recent photophysical studies of acetylene-bridged PDI dimers using coherent two-dimensional electronic spectroscopy, we hypothesize that the observed absorption enhancement effect may stem from intramolecular excitonic coupling between the adjacent PDI subunits within the tetramer framework and thus will be the subject of in-depth photophysical investigation in a separate future contribution. 19 Interestingly, this enhancement is the largest in PDI tetramer 1 (Table 2 ) and may indicate a stronger degree of intramolecular interactions between neighboring PDI subunits when they are attached to a smaller, methane-centered rigid core.
Figur e 6. Steady-state absorption (left) and uncorrected emission (right, λ ex = 480 nm) spectra of PDI tetramers 1 (red) and 2 (blue), and monomer 3 (green) measured in dichloromethane.
The photoluminescence of PDI tetramers 1 and 2, and monomer 3 originates from the singlet excited state and is characteristic of other related PDI-based chromophores (Figure 6 , right). 41 The emission spectra of both PDI tetramers (1 and 2) are nearly superimposable and their emission maxima (λ max ~ 574 nm) are slightly red-shifted (~8 nm) as compared to monomer 3 (λ max = 566 nm). The apparent loss of the vibronic structure in the emission spectra is likely due to the delocalization of electron density over the entire PDICCPh subunit. As compared to monomer 3, the tetrahedral assembly of four PDICCPh subunits into PDI tetramers 1 and 2 causes an enhancement of non-radiative decay pathways as evidenced by the substantial drop (>10%) of their corresponding fluorescence quantum yields (Φ FL , Table 2 ). In addition, time-resolved photoluminescence measurements were performed to further characterize the photophysical behavior of PDI tetramers 1 and 2 ( Figure 7 ). Under optically dilute conditions in dichloromethane, PDI tetramers 1 and 2, and monomer 3 were found to exhibit monoexponential fluorescence decays, with each PDI tetramer possessing slightly longer excited state lifetime than monomer 3: 6.9 ns vs. 6.1 ns (Supplementary Data Figure S19 and Table 2 ). To summarize, the photophysical properties of these newly synthesized PDI tetramers 1 and 2 appear to be consistent with other related PDI-based assemblies; however, as we noted before, a more detailed photophysical investigation of these PDI tetramers will be reported in a separate contribution. Extinction coefficient at λ max (M -1 cm -1 ) 181,000 ± 2,000 169,000 ± 2,000 53,000 ± 3,000
Relative absorption integrated area (a.u. Figur e 7. Fluorescence intensity decays of PDI tetramers 1 (red) and 2 (blue), and monomer 3 (green) measured in optically dilute dichloromethane solutions (λ ex = 480 nm; λ em = 570 nm).
Conclusions
We have synthesized and thoroughly structurally characterized two new representative tetrahedral rigid core "antenna" tetramers bearing phenylethynyl-perylenediimide (PDICCPh) subunits. The 
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